In this paper, design parameters of high Q (> 50), high current inductor for on-chip power module were optimized by 4 Xs 3 Ys DOE (Design of Experiment). Coil spacing, coil thickness, ferrite thickness, and permeability were assigned to Xs, and inductance (L) and Q factor at 10 MHz, and resonance frequency ( f r ) were determined Ys. Effects of each X on the Ys were demonstrated and explained using known inductor theory. Multiple response optimizations were accomplished by three derived regression equations on the Ys. 
Introduction
The input voltage of the base-band processor is lowered to avoid overheat of finer conduction line [1] , which is the same trend for other CPUs. Consequently, current needs to increase up to several amperes in a smart phone as shown in Fig. 1 . In order to achieve small ripple voltage, the integrated and miniaturized on-chip power module has been intensively studied. On the other hand, an increase in switching frequency decreases inductance (L) and capacitance (C) in the power circuit resulting in size reduction and integration of passive components. The switching frequency of a commercial DC-DC converter has already been increased up to 5 MHz [2] and higher frequency [3, 4] . A high Q inductor is an essential component for high efficiency DC-DC converters. Therefore, a DC-DC converter with an air-core chip inductor was proposed [4, 5] to achieve high Q at high frequency. However, the air-core inductor Q is still below 20 in the 10~100 MHz range.
In this work, we proposed the 1~2 W buck-type onechip power module having 0.25 V and 5 A output as shown in Fig. 2 . And then, the optimized design parameters of a ferrite planar inductor, which has high Q over 50 at 10~100 MHz, for use in the one-chip power module were reported. We used DOE (Design of Experiment; one of the common six-sigma tools) method to optimize space and thickness of copper coil and thickness and perme- ability of the ferrite film.
Design Parameters and DOE
2.1. Design parameters 2.1.1. Structure A UA-C type spiral inductor design is used because of its high L/area property [6] . The UA-C type spiral inductor is described in Fig. 3 . Copper coil with area of 5 × 5 mm 2 was designed on a 600 μm thick Si substrate. Copper coil thickness is in the range of 50-100 μm and is assigned as an X factor of the DOE. These thicknesses are greater than double the skin depth at 10 MHz. Cross-sectional coil area was designed 0.025 mm 2 to withstand joule heating by maximum 5 A rated current. This value is determined from references of high current inductors [7, 8] . Therefore, line width of Cu coil is fixed at 500 μm.
Coil spacing is assigned as an X factor of the DOE and is in the range of 2~500 μm. In principal, inductor needs inductance of 125 nH at 10 MHz. These are calculated by Wong's critical inductance equation [9] . Accordingly, 2.5 turns of spiral coil was determined.
Magnetic material
Ferrite inductor shows better performances than magnetic metal alloy inductor because of its excellent parasitic properties [6] . Therefore, Ni-Zn-Cu ferrite was selected for the magnetic material of the inductor.
According to Nakamura [10] , average μ r of 200 is achievable at 10 MHz. Permeability is assigned as an X factor of the DOE and is in the range of 2~1000. Ferrite crystallization below 400°C, the allowable temperature of integration process on Si substrate, is possible by Pulse laser deposition (PLD) [11] , sputtering [12] , aero-sol deposition (AD) [13] , ferrite plating [14] , and electrophoretic deposition (EPD) [15] . PLD and sputtering are thin film processes. The other AD (2.8 μm/min), ferrite plating (0.23 μm/min), and EPD (0.4 μm/min) are suitable to fabricate thick film. Finally, ferrite thickness is assigned as an X factor of the DOE and is in the range of 2~500 μm.
Design of Experiment

DOE
In order to optimize the design parameters, a 4 Xs 3 Ys 3 level DOE is carried out. The 25 X-Y conditions were determined by 2 × n + 2 n + 1 (n = number of Xs) as a central composite design of DOE. The Ys of 25 inductors with different Xs were simulated and analyzed. The DOEPro software, commercial package, is used for this analysis. The fixed parameters, 4 Xs, and 3 Ys are shown in Table 1 . L and Q factor at 10 MHz and f r of inductor are chosen as the 3 Ys, which are the most important performance factors of the inductor. According to the results of multiple regression analysis, three regression equations on the Ys are derived using a completed design sheet of 25 inductors. A multiple response optimization is accomplished using these equations. The targets of optimization are L = 125 nH at 10 MHz and weight 50%, Q factor > 100 and weight 40%, and f r > 200 MHz and weight 10%. The f r is weighted lower than others, because f r values are over 100 MHz in almost all of the simulated inductors.
Simulation
Ansoft HFSS software based on 3D FEM simulation was used for modeling of the inductor and calculation of S-parameters. S-parameters were converted into Y-parameters by equations (1), (2), and (3). The equivalent circuit parameters of L s , Q, R s , R 1 , R 2 , C 21 , C 22 , etc. were calculated by equations (4), (5), (6), (7), and (8) from the equivalent circuit theory of magnetic film inductor [16] .
(1)
Where; L s : inductance of spiral coil, R s : resistance of spiral coil, Q: quality factor of spiral coil, C 21 : capacitance between spiral coil and ground plane, R 1 : parallel resistance with C 21 , C 22 : capacitance at the inner port of spiral coil, R 2 : parallel resistance with C 22 .
Results and Disscusion
The effective weights of the 4 Xs (space, Cu thickness, ferrite thickness, permeability) on the 3 Ys are evaluated and demonstrated in Fig. 4 . L of the inductor is the most dependent on the permeability (μ) and ferrite thickness while Q factor is dependent on the ferrite and Cu thickness. Coil spacing and ferrite terms of permeability and ferrite thickness evenly affect the f r .
L is significantly increased with μ as shown in Fig. 5(c) and (d). The increasing ratio of L/μ is getting larger as well, as ferrite thickness increases. The effect of coil di- ly. In the case of the Q factor, R 2 is lower than the other cases, because Q is computed from equation (9), therefore, fluctuation by both errors on L of equation (7) and R of equation (8) Table 3 . Inductance of 125 nH, Q factor of 197.5, and f r of 316.3 MHz were calculated at coil spacing of 127 μm, Cu thickness of 67.8 μm, ferrite thickness of 130.3 μm, and permeability 156.5. However, no magnetic loss (tan δ = 0) is assumed in all the evaluations. Q will be decreased to 50% at loss tan δ = 0.01 and to 70% at 0.02. Thus, Q factor of about 60 is achievable with loss tan δ of 0.02. In addition, we optimized the 3 Xs when thickness of ferrite film was fixed at 3 μm for consideration of difficulties on the over 100 μm thick ferrite film processes. According to the result, inductance of 66.1 nH, Q factor of 74.6, and f r of 632.4 MHz are expected at coil spacing of 210 μm, Cu thickness of 64 μm, ferrite thickness of 3 μm, and permeability 200. These calculated results by regression equations and simulated results by 3D remodeling with optimized Xs are compared to confirm the deviations of the equations. Differences of both results are −9.1% in L, 2.8% in Q factor, and 4.1% in f r .
Conclusion
Optimized design parameters for a high Q, high current ferrite inductor for 10 MHz switching, 1~2 W on-chip power module for the baseband chip of smart phone were proposed and demonstrated. In this work, three regression equations on the Ys were derived by DOE. Four Xs were optimized using these equations. From results, we have successfully designed a 5 × 5 mm 2 ferrite inductor which has Q above 50 at 10 MHz. The following design parameters, 2.5 turns of coil, coil line width of 500 μm, Cu coil thickness of 64 μm, loss tan δ < 0.02, ferrite thickness > 3 μm, and permeability > 157 were determined to achieve an inductor with Q factor over 50 at 10 MHz. In addition, it was found that the optimized value of coil spacing is dependent on the ferrite thickness. Therefore, recalculations by regression equations are recommended for another ferrite thickness. 
